This article reports the findings from a series of radioactive experimental trials which have examined the sorption properties of graphene oxide focused on four key radionuclides commonly linked to effluent challenges in the nuclear industry-Cs, Sr, U and Pu. Unlike previous experimental studies, simulated effluent waste solutions were utilised with compositions typical of those found at the Sellafield nuclear site, UK. Molecular dynamics simulations were performed in parallel to elucidate the functional groups to which radionuclides preferentially adsorb.
Introduction
Many nuclear facilities are reaching the end of their operational lifetimes across the globe and will require decommissioning [1] [2] [3] [4] . Consequently, significant volumes of waste effluent will be generated through post operational clean out (POCO) operations which in turn need to be processed and managed through effluent treatment processes. Sellafield is a complex nuclear site in the UK, with nuclear fuel reprocessing operations that has received the spent nuclear fuel removed from the UK civil nuclear reactor fleet for the past 50 years. Two major effluent treatment plants exist on this site that successfully remove radionuclides from aqueous waste streams through the application of different processes. The Sellafield Ion Exchange Effluent Plant (SIXEP) utilises series of processes, including sand bed filtration and ion exchange columns, to remove active species from solution, with key focus on Cs and Sr ions [5] . The Enhanced Actinide Removal Plant (EARP) uses a flocculation process to remove radionuclides, including targeted species such as U and Pu. SIXEP and EARP have dramatically reduced activity discharges since their construction and are capable of treating 4200 and 350 m 3 of waste effluent per day, respectively. Decontamination factors (DFs) of up to 500, 2000, 3800 and 87000 are achieved by SIXEP and EARP for 90 Sr, 137 Cs, U and 239 Pu, respectively. Reprocessing operations are due to cease at the Sellafield plant within the decade which will be followed by a phase of POCO involving plant washout. Waste effluent streams with varying compositions are expected to arise throughout decommissioning. Consequently, new sorption materials may be required to manage the new challenges ahead and minimise the secondary waste.
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Graphene materials have been widely recognised for their potential application in ion exchange and as such are subject of much interest. Graphene is a carbon nanomaterial which is comprised of single layers of densely packed carbon atoms that make up a 2D lattice. This unique structure enables graphene to have a range of novel properties including low mass and permeability in addition to high strength, flexibility and functionalization capability. These promising properties have led to considerable interest in the commercial application of graphene materials in a range of different sectors; however relatively little work has been done to explore its possible uses in the nuclear energy industry [6] . Graphene is not an ideal material for effluent treatment applications due to its poor solubility in aqueous solutions and overall inert nature. Graphene oxide (GO) is an oxidised derivative of graphene which contains a range of different functional groups, such as hydroxy, epoxy and carboxylic acids [7] . Such functionalization has a profound impact on the properties of the material, particularly when compared to its graphene parent. GO retains the advantageous properties of graphene, but has a greater solubility and a high density of active binding sites which can be tailored and modified. The high density of the binding sites offers the benefit of reducing the volume of secondary waste; minimising waste volumes reduces the lifecycle impact of radioactive waste disposal as demonstrated by Wallbridge et al [8] . The exact chemical structure of GO is subject to much debate and has led to numerous configurations being proposed [9] . This is part is due to the number of different synthesis methods that have been developed, which has led to a range of different molecular morphologies being produced [9] [10] [11] [12] .
A number of experimental studies have investigated the interaction of radionuclides with GO in aqueous suspensions and studied the impact key variables, such as pH, temperature and ionic strength, have on the sorption capability [10, [13] [14] [15] [16] [17] [18] [19] . Romanchuk et al. [13, 20] studied the interaction of GO with a wide range of actinides and typical fission products including Cs(I), Sr(II), Pu(IV) and U(VI). High uptakes levels were reported by this research group with pH and cationic charge found to be key variables affecting sorption. Adsorption capacities of up to 100 lmol/g of U were reported as low as pH 3.5. Sorption of Sr(II) only became significant at neutral pH and above. Romanchuk et al. [13] also prepared solutions comprising of U(VI), Pu(IV) and a range of different counter ions and complexants. Strong sorption (up to 80%) was observed in the presence of the competing species with coagulation shown to occur between the GO sheets. Ding et al. [15] supported these finding through similar work focusing on Eu(III) and U(VI) species. Complete sorption of these ions were reported over a 30 min time period with similar pH and counter ion dependences to those reported by Romanchuk et al. The effect temperature has on U(VI) sorption has also been investigated by Wang et al. [10] . Increased uptake was reported as temperature increased between 298 and 340 K under acidic conditions. Significant research has been reported that has focused on improving the performance of GO materials as sorption materials by modifying it structure [12, 16-27, 28, 29] . Different research groups have investigated factors such as morphology modification and enhanced functionalization of the GO sheet. Despite the considerable research that has been performed in recent years, the majority of the work has reported sorption capacities of different GO materials but have not determined the exact radionuclide-binding mechanism or considered solutions that are representative of real nuclear effluent [30] [31] [32] [33] [34] .
This work reports the findings from a series of radioactive experimental trials which have examined the sorption properties of GO and has focused on four key radionuclides in the nuclear industry-Cs, Sr, U and Pu. Active sorption experiments were performed at National Nuclear Laboratory's Central Laboratory using simulated effluent waste solutions to assess the performance of the GO in conditions commonly found at the UK Sellafield nuclear site. Unlike previous experimental studies, these are the first sorption experiments to be carried out in conditions relevant to real nuclear effluent streams. In order to explain the experimentally observed sorption properties, molecular dynamics simulations were performed to elucidate the GO functional groups to which radionuclides preferentially adsorb.
Experimental

Experimental trials
Two sets of batch sorption experiments were performed to examine the adsorption capacity of GO when individually exposed to the targeted radionuclide species in i) a deionised water solution and ii) simulated effluent waste solutions. This approach was adopted in order to compare the performance of the GO under simplistic and 'real-life' test conditions. For comparison, batch sorption experiments using clinoptilolite (the ion exchange material that is currently utilised in SIXEP to remove radionuclides, specifically 137 Cs and 85/90 Sr) were also performed. Control experiments, where no adsorbent was added, were performed in parallel. Graphene oxide powder supplied by Sigma Aldrich was utilised in these trials and was charaterised by SEM, Raman, UV-vis and XPS (supplementary information). Despite its commercial name, the Graphene Oxide Powder found to have a relatively low oxygen content comparable to that associated with reduced GO. Table 1 shows the typical concentrations of key radionuclides that are found in the SIXEP and EARP waste effluent streams at Sellafield prior to effluent treatment, respectively. Four separate stock solutions containing the specified concentration of each specific radionuclide were made up using de-ionised water. Cs and Sr stock solutions were made using inactive nitrate salts whereas stock solutions containing 238 U or 239 Pu were produced using commercially sourced standards. Batch sorption experiments were performed in duplicate by measuring out 50 ml of the desired stock solution into a beaker and adding 50 mg of GO powder. Following this addition, 3 ml aliquots were taken from the reaction mixture at set intervals-0, 5, 10, 30 min and 24 h. Each sample was immediately filtered using a Millex-GP syringe filter (0.22 lm, diam. 33 mm, sterile; c-irradiated) and the filtrate retained for analysis. The sorption capacity was calculated from the difference between the initial concentration of the target species and the concentration measured in the solution after sampling. ICP-MS analysis was used to determine the elemental composition of each sample taken using a Perkin Elmer NexION300D ICP Mass Spectrometer.
Sorption trials with radionuclides in de-ionised water
As in the previous set of experiments, four separate stock solutions were produced in these trials to study the sorption capability of each targeted radionuclide individually. Tables 2 and 3 show the composition of the SIXEP and EARP simulant solutions that were utilised in this study. The species listed here are typical of the major competing ions that are currently found in the SIXEP and EARP waste effluent streams at Sellafield prior to effluent treatment. It is worth noting that EARP has an acidic waste stream whereas SIXEP has an alkaline effluent feed which is then neutralised prior to the ion exchange process columns. Stock solutions of each simulant were produced by weighing out the specified components detailed in Tables 2   and 3 (columns 3 and 4) and dissolving them in either deionised water or 0.77 M nitric acid to make precursor solutions for the final stock. Specified volumes were then taken from the precursor solutions (detailed in column 5) and added to a volumetric flask. For the two EARP simulant solutions produced, appropriate volumes of either the U or Pu standard were also added to the volumetric flask and diluted in 0.77 M nitric acid. For the two SIXEP simulant solutions, de-ionised water was added to the volumetric flask which was then spiked with either 20 Bq/ ml of 137 Cs or 90 Sr. High concentrations of the competing ions relative to the target species in the SIXEP and EARP simulants meant that ICP-MS analysis could not be utilised in every sorption experiment as in the previous trials (above) due to the high dilution factors required. As a result, active species were utilised in these trials in order for gamma spectroscopy to be applied for the Cs experiments and liquid scintillation counting for the Sr and Pu experiments. ICP-MS was still used for the U studies due to the smaller dilution factors required. Batch sorption experiments were performed using the same methodology as detailed in the previous set of trials above.
Computational modelling
In parallel to the experimental sorption trials, molecular dynamics (MD) simulations were performed to investigate the interactions that occur between hydrated radionuclide ions and graphene oxide (GO) flakes and gain a better understanding of the adsorption properties.
GO flake model
The GO flake model was created by functionalization of a pristine graphene sheet with oxygen-containing groups. The precursor graphene flake had dimensions of 3.1 nm 9 3.3 nm and consisted of 416 carbon atoms. The procedure involved specifying all the carbon atoms as either 'plane' or 'edge' sites, defined by their number of bonds with other carbon atoms in the flake. First, all edge sites (2 bonded atoms) were functionalized with either a carboxylic acid group or hydrogen atom, selected randomly for each site with an equal probability. Secondly, pairs of adjacent plane sites (3 bonded atoms) were selected at random and functionalized with either a single epoxide group or a hydroxyl group on both sites, again with equal probabilities. In the case of hydroxyl functionalization, the two adjacent groups were added to opposite sides of the flake. Plane site functionalization was repeated until the oxygen content of the GO flake reached 40 wt%. The oxygen content, as well as the types and ratios of the functional groups, were chosen to best approximate the real structure of GO on the basis of available experimental Sorption trials with radionuclides in simulated nuclear waste effluent evidence [35] [36] [37] . The real structure of GO is highly irregular, depending on the method of preparation, and inhomogeneous with separate pristine and fully oxidized regions [38] . These features are reproduced by the random approach to functionalization taken here. Further details and discussion regarding the atomistic GO flake model are provided elsewhere [39] .
Adsorption simulations
The initial coordinates for the adsorption simulations were obtained by randomly distributing eight GO flakes in a cubic simulation cell with a side length of 10 nm, followed by random addition of the radionuclide ions of interest, ensuring that there were no overlaps between GO flakes or ions. Separate simulations were performed with UO 2 2? , PuO 2 2? , Sr 2? and Cs ? . Finally, the remaining unoccupied space in the simulation cell was filled with approximately 30,800 water molecules. The simulation cell therefore represents an aqueous mixture containing GO flakes and radioactive ions. In order to mimic experiments conducted at neutral pH, the carboxylic acid groups were deprotonated (since pKa (COOH) \ pH) resulting in GO flakes that have a net negative charge, which is supported by zeta potential measurements [37, 40, 41] . In each of these simulations enough cations were added to neutralise the simulation cell. In order to establish the adsorption behaviour in acidic conditions, such as those encountered in EARP effluent streams, additional simulations were performed for the actinyls, UO 2 2? and PuO 2 2? , in which the carboxylic acid groups were protonated (since pKa (COOH) [ pH).
GO flakes were modelled using the CHARMM force field [42] , which includes terms for non-bonded interactions as well as bonded interactions for bond stretching, angle bending and torsional. Non-bonded interactions were evaluated as the sum of VDWs and electrostatic terms, calculated using a Lennard-Jones 12-6 potential and smooth-particle Ewald summation [43, 44] , respectively. The ion parameters were taken from studies that have been shown to reproduce hydrated ion properties in dilute aqueous solution [45] [46] [47] . Water molecules were modelled using the SPC/E potential [48] . The Lorentz Berthelot combining rules were used to determine the cross parameters for unlike atoms in the 12-6 potential. The 12-6 potential was smoothly cut off between 1.0 and 1.2 nm using a switching function.
The MD simulations were performed using GROMACS version 5.0.4. Firstly, a 1 ns simulation was performed in the canonical ensemble at 298 K, followed by a 20 ns simulation in the isothermal-isobaric ensemble at 298 K and 1 bar. Temperature and pressure were controlled using the Nosé-Hoover thermostat [49, 50] and Parrinello-Rahman barostat [51, 52] , respectively, with relaxation time constants of 1 ps. The final 15 ns of NPT simulation were used to study radionuclide adsorption, specifically by visual analysis and by calculating radial distribution functions between the ions and the atoms of the GO flake. All of the simulations employed 3D periodic boundary conditions, the leap-frog algorithm for integration of the equations of motion [53] and the SETTLE algorithm to constrain the geometry of SPC/E water molecules [54] .
Hydrated structure of ions
Separate simulations were performed to determine the properties of ions in aqueous solution in the absence of GO flakes. These simulations were conducted using the isothermal-isobaric ensemble for 100 ns and used a much smaller cell size was (side length = 3.5 nm). The final 99 ns of the simulation was used to investigate the structure of hydration shells around the ions by calculating ion-O radial distribution functions.
Results and discussion
Experimental batch sorption trials Sellafield. When compared to GO, a slower rate of adsorption was shown by Clinoptilolite achieving an uptake of * 80% for Cs and * 60% for Sr after 24 h. Therefore, GO was shown to perform better than Clinoptilolite in removing Sr ions from the DI solution over the duration of the batch sorption experiments but was less effective for Cs species. When simulated SIXEP waste effluent was utilised much slower uptake was demonstrated by GO achieving a maximum Cs uptake of 20% after 30 min. This reduction in Cs uptake was assumed to be a result of the completing ions present in solution (i.e. Na, Ca, Mg) which were in much higher concentration. In contrast, the removal of Sr ions from solution was not affected removing 100% in an extremely short time period. This is unsurprising because the major competing species in the SIXEP simulant (Na ? ) is monovalent and would therefore be expected to compete with adsorption of the monovalent Cs ? but not the divalent Sr 2? , purely in terms of electrostatic attraction. Similarly to the DI experiment, 60-80% of the Cs ions were removed from solution by Clinoptilolite over a 24 h period, whereas a slightly reduced uptake of Sr ions was observed achieving a maximum of 50% over 24 h. This data suggested that GO has a good capability for removing key radionuclides, from solution and demonstrated an improved performance for Sr when compared to Clinoptilolite in a simulated SIXEP waste effluent, but not for Cs. This batch experiment data is useful for assessing the feasibility of the adsorbent but it cannot be directly compared to the dynamic performance of materials within the SIXEP process. During commissioning of SIXEP rapid column trails were developed which simulated the very fast flow rate required on plant. For context, waste feeds have a residence time of 8 min in the ion exchange columns during the SIXEP effluent treatment process. Rapid column trials should now be the subject of future work following the promising batch experimental results reported here. Figure 3 shows the results from the batch sorption experiments that were performed for U and Pu using both the DI and simulated EARP waste effluent. Near complete sorption of the U and Pu species was observed under 5 min during the experiments perform in DI. These findings are similar to those reported by Romanchuk et al. [13] who observed fast uptake of these species in pH 3.5 solutions. In contrast, 0% of the U species were removed from solution when the batch sorption experiments were performed using the simulated EARP waste effluent. This lack of uptake could either be due to the low pH (* pH1) of the simulated waste stream or the saturation of adsorption sites by competing ions. This drop off in sorption capability has also been reported elsewhere at pH \ 3 [13] . Consequently, sorption experiments were not performed using Pu ions in EARP simulant as behaviour similar to that of U would was expected.
Molecular dynamics simulations-structure of hydrated radionuclides Figure 4 shows radial distribution functions (g(r)) for the ion-oxygen pair, obtained from the simulations of a single radionuclide ion in pure water. The peaks in g(r) correspond to the positions of hydration shells and the intensity of the peaks provide information on the relative strength of interactions between the ions and the surrounding water molecules. In general, the divalent cations have better defined hydration shells than the only monovalent radionuclide studied, Cs ? , indicating strong ionwater interactions. In addition, the position of the first hydration shell shifts to a greater distance for Cs ? and the second peak is virtually indistinguishable from bulk solution. For the two actinyl ions, UO 2 2? and PuO 2 2? , g(r) is extremely similar. This is unsurprising given that the only difference in the potentials for these two ions is a subtle change in the charge distribution. The integral of g(r) can also yield important information on the number of water molecules as a function of distance from the ion, n(r). The value of n(r) at the position of the first minimum along g(r) provides the number of waters in the first hydration shell, n1. This is a well-defined quantity for the divalent ions; n1 = 5.0 for the actinyls and n1 = 8.0 for Sr 2? . However, for Cs ? , n1 is not an integer (6.7), showing that the weaker interactions between the ion and surrounding water results in frequent exchange of water molecules between the hydration shells and bulk water. The peak positions, intensities and coordination numbers for these ions in water are in excellent agreement with published simulation data [45] [46] [47] .
Radionuclide adsorption
Radial distribution functions were calculated for the GOradionuclide simulations to investigate possible adsorption sites. As shown in Fig. 5, g(r) was calculated for each of the four radionuclides with the four different types of carbon atom in the GO flake (aromatic unfunctionalized (CA), hydroxyl-functionalized (CH), epoxide-functionalized (CE) and carboxylate-functionalized (CC)). The intensity of peaks in g(r) showed that the ions adsorb very weakly to CA, CH and CE sites relative to the CC site, where strong adsorption was observed. Adsorption to the carboxylate functionality (which are on the edges of the GO flake) occurs via the two oxygen atoms, one of which is deprotonated providing a net negative charge to which the radionuclide ions are electrostatically attracted. The slightly enhanced adsorption at the CA site relative to the CH and CE sites is likely due to CA atoms adjacent to the primary CC binding sites.
From the relative intensity of the peaks, Sr 2? appeared to adsorb most strongly to the carboxylate group, followed by UO 2 2? and PuO 2 2? , and then Cs ? . This trend is consistent with the much greater adsorption of Sr 2? compared to Cs ? observed in the sorption experiments and the findings reported by Romanchuk [20] . In addition, adsorption of PuO 2 2? is slightly stronger than UO 2 2? , in agreement with Fig. 3 . Typically, there are two peaks corresponding to two different modes of adsorption. The peaks at approximately 0.35 and 0.55 nm correspond to inner-and outer-sphere adsorption, respectively. Inner-sphere adsorption requires removal of one water molecule from the first hydration shell with the ion binding directly to the GO flake. Outer-sphere adsorption occurs via a water molecule in the ion's first hydration shell. These two types of adsorption can be visualized in the simulation snapshots for UO 2 2? in Fig. 6 . This means that actinyl ions adsorb with either 5 or 4 water molecules in the first hydration shell, although inner-sphere adsorption is less common than outer-sphere adsorption. In contrast, the proportion of inner-sphere adsorbed ions is larger for Sr 2? and the dominant mode for Cs ? . It should be noted that innersphere adsorption is facilitated by the removal of a water molecule that may be accompanied by a large energy barrier, prohibiting further inner-sphere adsorption complexes within the limited timescale accessible to these simulations.
The g(r) in Fig. 5 are for GO-radionuclide solutions with pH [ 4, in which the carboxylic acid groups on the GO flakes are assumed to be deprotonated. For the actinyl ions, g(r) was also calculated for solutions corresponding to (Fig. 7) . When protonated, inner-sphere peak of g(r) is completely absent and the outer-sphere peak is greatly diminished, predicting that adsorption of UO 2 2? and PuO 2 2? is much weaker in these low pH conditions. This observation explains the poor sorption of UO 2 2? from EARP simulant observed in the adsorption experiments. However, the effect of competing ions (in particular, Fe 3? ) was not considered in these simulations and may also be a contributing factor in the poor sorption in EARP simulant and may require further investigation.
Overall, GO has shown great potential for applications as a sorption material however scope does exist to further optimise its capability. This work has tested GO in some of the most extreme conditions expected in the nuclear sector but many other more simplistic challenges exist where GO could be applied. Further work should now be performed to optimise the GO sheets by grafting chemically selective functional groups, such as carboxylate groups, onto the materials surface to increase the sorption capacity of the material. Rapid IX column experiments would also enable the performance of GO to be directly compared with SIXEP plant data.
Conclusions
Results in literature have previously shown GO to have strong capability for removing radionuclides from aqueous solution but have generally not tested the material's performance in conditions expected in effluent treatments at nuclear facilities. A series of batch sorption experiments have been reported here which have examined the sorption capability of a commercially sourced GO material (with a relatively low oxygen content) using simulated effluent waste solutions with a composition typical of those found at the SIXEP and EARP facilities on the Sellafield nuclear site, UK. Four key radionuclides commonly linked to effluent challenges were the focus of this work which included Cs, Sr, U and Pu. In the simplistic DI water experiments, GO was shown to have a strong capability removing all four radionuclides from solution and did so in very short time periods. MD simulations, which were performed in parallel, suggested carboxylate groups were the most favourable functional site for adsorption. Superior uptake to that of clinoptilolite was observed for Sr when the SIXEP simulant was utilised whereas weaker adsorption was observed for Cs. A high proportion of innersphere interactions for Sr ions were predicted by computational modelling, which may have contributed to the high sorption rates observed experimentally. Poor adsorption of U was shown by GO under EARP simulant conditions which was attributed to the protonation of the functional ); H = white; U = green). To provide clarity, only water molecules in the first hydration shell of UO 2 2? are shown groups in the acidic conditions, as revealed by MD simulations using protonated carboxylic acid groups. Overall, GO has shown great potential for applications as a sorption material despites its low oxygen content however scope does exist to further optimise its capability. This work has tested the commercially sourced GO material in some of the most extreme conditions expected in the nuclear sector but many other more simplistic challenges exist where GO could be applied. Further work should now be performed to optimise the GO sheets by grafting chemically selective functional groups, such as carboxylate groups, onto the materials surface to increase the sorption capacity of the material. Rapid IX column experiments would also enable the performance of GO to be directly compared with SIXEP plant data.
